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1-Nitropyrrolidine upon irradiation with ultraviolet light
is known to under-go photochemical decomposition. This inves-
tigation is concerned with the mechanism and products of the
reaction.
A potential intermediate was synthesized and found not de-
tectable in the photochemical system. A product of the photo-
lysis in alkane solutions was identified as an alkyl nitrate.
Gas chromatographic analysis and a molecular orbital calcul-
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I. INTRODUCTION
Heterocyclic nitramines have, for a long time, been impor-
tant as military explosives. In 1967 the photochemical decom-
position of HMX, one such explosive, was first observed. To
date the mechanism of this photochemical decomposition remains
obscure.
Due to the complexity of HMX, it was decided to examine
the simpler analog, 1-nitropyrrolidine. A mechanism for the
photochemical decomposition of this simpler compound has been
proposed by previous workers based upon the presence of
nitroxide radicals seen upon irradiation.
This investigation is concerned with the mechanism as
proposed by previous workers. Evidence was obtained by pho-
tolysis of 1-nitropyrrolidine in alkane solvents followed by
gas chromatographic analysis, synthesis of a key intermediate





Heterocyclic nitramines have, for a long time, been re-
cognized as an important class of high explosives. RDX
(Cyclonite, Hexogen, 1, 3, 5-Trinitro-l, 3, 5-triazacyclohexane)
,
discovered by Henning in 1899, attained military importance
during the second World War, at which time the United States
was manufacturing about 15,000 tons per month [1,2]. An
explosive with a similar structure, HMX (Octogen, 1,3,5,7-
tetranitro-1, 3 , 5, 7-tetrazocyclooctane) was isolated and iden-
tified in 1941 by Bachmann and Sheehan [3] as an impurity in
the nitration of hexamethylene-tetramine to form RDX. As an
explosive, HMX was soon found to be superior to RDX because
of its higher ignition temperature and greater chemical
stability.
Widespread acceptance of these and similar compounds as
explosives has generated an interest in their chemical and
physical properties which give insight into such practical
considerations as thermal stability, shock resistance, "shelf
life", and, more recently, such considerations as reclamation
of old or damaged explosives and their intentional deactivation.
Of particular interest would be mechanistic information on
their thermal and photochemical decomposition. While there
has been a moderate amount of work in the area, much still
remains unknown.
Several studies have been made on the product composition
resulting from thermal degradation of HMX. The results of
9





THERMAL DECOMPOSITION OF HMX
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15,As a result of an N-tracer study of the decomposition
products, Surayanarayana [6] proposed a mechanism (Figure 1)
proceeding initially through breakage of the C-N bond rather
than the weaker N-N bond.
In 1967, Surayanarayana [7] first observed a photochemical
reaction occurring upon irradiation of HMX from an untraviolet
source, although no products were reported. Maycock [8] in
1969 reported the major products to be CH-0 and N-O, from
which he proposed the mechanism given in Figure 2.
Torbit [9] photolysed HMX under varying conditions and


























































































by Maycock. Solid HMX irradiated in a vacuum gave N„, C-H.,
and Oy, while under a helium atmosphere gave N 2 , C~R., 2 ,
CH20, and N0 2 . In acetone solution, N 2 , C 2H 2 , 2 , C02 , and
N 2 were found, as well as an unidentified solid product.
The mechanism proposed by Torbit is given in Figure 3.
While the above schemes were consistent with the products
observed, no direct mechanistic evidence was available.
The presence of four nitramine groups per molecule of HMX
makes stepwise mechanistic work extremely difficult. Aside
from added complexity, these nitramine groups allow cleavage
of the ring in four separate positions, resulting in a variety
of small gaseous fragments. Since the four nitramine chromo-
phores are separated by methylene carbons, it seems reasonable
that primary photochemical processes would occur independently
at one of the four separate, but equivalent sites on the mole-
cule. With these thoughts in mind previous workers [10, 11,
12] decided to examine the photolysis of cyclic unsubstituted
aliphatic nitramines, 1-nitropyrrolidine in particular.
Bodnar [10, 13] found that upon irradiation of 1-nitro-
pyrrolidine (II) , an ESR signal could be detected, which was
assigned to pyrrolidine-1-oxide. Assuming this to be the
major photochemical process occurring, a mechanism based upon
literature analogs was proposed (Figure 4).
Disproportionation of the nitroxide radical (III) by
8-hydrogen abstraction to give the hydroxylamine (IV) and
nitrone (V) is common for dialkylnitroxide radicals in gene-
ral [14, 15, 16, 17] and has been reported by Ingold for this

































4 N2 + 4 CHgO
3N2+302+ 2C2 H4
Figure 3. Torbit's Proposed Mechanism for the
















hydroxylamines [15, 16] , and 1-hydroxypyrrolidine (IV) in
particular [19, 20] , to give the corresponding nitroxide radi-
cals (Step C) is also well known. Step C acts to regenerate
the nitroxide radical (III) from the hydroxylamine (IV)
.
Todd and Lamchen [21, 22] have found that irradiation of
various substituted 1-pyrroline-l-oxides yield the correspond-
ing bicyclic oxaziridines. From the work of Emmons [23] it
is apparent that the stability of these bicyclic oxaziridines
is enhanced by methyl substitution in the 5 position. Con-
sistent with this is the difficulty encountered by both Todd
and Lamchen [21, 22] in the isolation of the corresponding
bicyclic oxaziridine from photolysis of the 2-methyl-l-pyrro-
line-1-oxide. The lifetime of the unsubstituted oxaziridine
is expected to be on the order of two weeks. Thus, while the
oxaziridine (VI) is expected to be formed photochemically
from the nitrone (Step D) , the chances of its detection and
isolation are questionable.
The oxaziridine (VI) may decompose by both thermal and
photochemical routes. Emmons [22] detected both the parent
nitrone and the isomeric amide from thermal degradation
(Steps E and F) . While Lamchen [22, 24] has isolated the
corresponding pyrroline, pyrrolidone , and N-acetylazetidine
from the photochemical degradation, the pyrrolidone is found
to be the major product when the oxaziridine is unsubstituted





All melting points were taken on a Fisher-Johns melting
point apparatus.
Infrared absorption spectra were determined using a Per-
kin-Elmer 337 Grating Infrared Spectrophotometer, unless
otherwise specified. Peaks are reported in wave numbers, and
are followed by two sets of letters which describe the peak.
The first set refers to the intensity where s, m, and w denote
strong, medium, and weak. The second set refers to the general
shape where s indicates sharp, and b indicates broad. A pre-
fix of "v" means very. Spectra were calibrated with known
peaks of polystyrene at 1601 and 1069 cm . Liquids were run
as neat samples between silver chloride plates unless other-
wise specified. Solids were examined as KBr pellets.
Ultraviolet spectra were obtained on a Beckman DK-1A
Ultraviolet Spectrophotometer. Unless otherwise specified,
the samples v/ere examined in 1 cm quartz cells.
Nuclear magnetic resonance spectra were determined at 3 0°C
with a Hitachi Perkin-Elmer R-20A High Resolution NMR Spectro-
photometer. Chemical shifts are reported relative to TMS,
which was used as an external standard.
The gas chromatograms were determined on a Bendix Series
2200 Laboratory Chromatograph. An 8'xVe" column of 20%
SE-30 on Chromabsorb W was used for all analyses. The inlet
17

and detector temperatures were 175°C unless otherwise specie
fied. The carrier gas was helium, and the flame ionization








The instrument was equipped with an automatic temperature
programmer which allowed control of temperature as a function
of time. The two most frequently used temperature programs
were as follows:
Program 1 Temp 1 45°C
Time 1 4 min
Rate 1 25°C/min
Temp 2 60°C
Time 2 5 min
Rate 2 8°C/min
Temp 3 140°C
Time 3 8 min
Cool 9 min
Program 2 Temp 1 70°C
Time 1 5 min
Rate 1 5°C/min





Time 3 2 min
Cool 9 min
Retention times are reported as ratios relative to 1-
nitropyrrolidine, which had a retention time of 18 minutes.
The source of all photolyses was a Christie 200 W high
pressure arc operated at 110 V. The samples were at a dis-
tance of one meter from the source. The beam was focused
18

through quartz optics onto an area just large enough to
irradiate the entire sample.
B. SOLVENTS
1. Tetrahydrofuran [25]
Lithium aluminum hydride (3 g) was added in small
portions to a well stirred solution of tetrahydrofuran (2 1)
.
Small samples were withdrawn and tested for activity with
water. When vigorous evolution of hydrogen occurred, an addi-
tional 2 g of the hydride was added. The solvent was dis-
tilled away from the hydride at atmospheric pressure.
2. Hexane [26]
a. Hexane (1.5 1, Matheson, Coleman, and Bell rea-
gent grade) was washed with a mixture of 75 ml of concentrated
sulfuric acid and 25 ml of concentrated nitric acid. The
hexane was then washed with water to remove any acid remaining,
dried over sodium sulfate, and distilled away from potassium
permanganate through an 18 inch Vigreaux column (77. 5-79 . 5°C)
.
The distillate was passed through a column 3/\ inch in dia-
meter packed with 50 g of neutral activated aluminum oxide to
remove any aromatic impurities present. The purified solvent
had an ultraviolet cut-off at 217 nm measured in a 1 cm cell
using distilled water as a reference, and was found suitable
for use in gas chromatographic analysis.
b. Chromatoquality hexane, manufactured by Matheson,




Spectroquality cyclohexane, obtained commercially
from Matheson, Coleman, and Bell, was found suitable for use
without additional purification.
4. Isopentane (2-methyl-Butane)
Isopentane (Baker grade) was obtained commercially
from the J. T. Baker Company and was found suitable for use
without additional purification. The ultraviolet cut-off was




Freshly distilled pyrrolidine (51.1 g) was placed
into a 250 ml round-bottom flask equipped with a condenser
and dropping funnel. Over a period of 40 minutes, formic acid
(32 ml) was added dropwise through the condenser into the
reaction vessel, which was stirred continuously at 0°C. This
resulted in the formation of a white cloud in the condenser.
The reaction was set under reflux for 1.5 hours. After being
cooled to room temperature, the reaction mixture was extracted
with three 75 ml portions of methylene chloride, which were
in turn combined, washed with 2N sodium hydroxide, and dried
over sodium sulfate. Following removal of solvent on the
rotary evaporator, a yellow oil remained. Distillation at
98.8-99.5°C/13 mm (lit. 98°C/14min [28]) gave 47 g of a clear








(lit. 3.8 and 2.2 [29]
)
IR
2970 (s-vb) 1410 (s-s) 1185 (w-b) 925. (w-b)
2870 (s-b) 1380 (s-s) 1160 (w-b) 910 (m-s)
1660 (vs-s) 1330 (m-s) 1115 (w-b) 870 (m-b)
1490 (m-s) 1295 (w-s) 1027 (m-s) 812 (m-s)
1460 (m-s) 1245 (w-b) 965 (m-s) 705 (m-s)
2. 1-Nitropyrrolidine [27]
Trifluoroacetic acid (127 ml) and acetic anhydride
(127 ml) were combined in a three-neck one liter round bottom
flask equipped with two dropping funnels. The flask was
placed in a salted-ice bath. Red fuming nitric acid (90 ml)
was added to the well-stirred solution over a period of two
hours. To this orange solution, 1-formylpyrrolidine was add-
ed dropwise over a 40 minute interval, and the stirring con-
tinued for an additional two hours. The reaction vessel was
then removed from the ice bath and allowed to stand for an
additional hour at 30°C. This orange solution was poured
carefully onto 400 ml of crushed ice. The resulting blue-
green solution was extracted with six 50 ml portions of methy-
lene chloride, which were then combined, washed with water,
and dried over sodium sulfate. Evaporation of the solvent on
a rotary evaporator gave a light yellow oil, which was pumped
on for 20 minutes to remove remaining solvent. This oil was
taken up in a minimum of warm hexane-ether (3:1) from which
21

the product was crystallized. The long needle-like crystals
were collected, and pumped on to remove remaining solvent.
Subsequently, 28.5 g of the crude product was recovered, which
was a 60.9% yield.
This crude product was again taken up in warm hexane-
ether (3:1), cooled slowly to liquid nitrogen temperature,
and the resulting crystals collected. Final purification was
obtained by dissolving these crystals in the same warm solvent
mixture, and allowing crystallization to occur undisturbed,
overnight in a freezer. In this manner, 18 g of pure material






3010 (s-s) 1310 (s-s) 1022 (s-s) 760 (vs-s)
2970 (s-s) 1220 (s-s) 970 (s-s) 708 (w-s)
2900 (s-s) 1186 (m-s) 921 (m-s) 605 (s-s)
1496 (s-s) 1165 (w-s) 905 (s-s) 565 (s-s)
1460 (s-s)
.
1130 (m-s) 850 (s-s) 430 (s-s)
1380 (s-b)
UV &
X (EtOH) = 240 nm log t = 3.9
max
3. Potassium Salt of Pyrrole
A five liter three-neck flask equipped with a dry ice-
acetone condenser, straight condenser, and magnetic stirrer
was filled half way with liquid ammonia. To this was added
100 mg of ferrous ammonium sulfate. Potassium (49.8 g; 1.27
mole) was added slowly in 5 to 15 g pieces to the well stirred
22

solution, causing formation of an intense blue color. Freshly
distilled pyrrole (85.6 g: 1.28 mole) was added dropwise over
a 20 minute period. The reaction mixture became almost clear,
having a slight mustard color. Ether (500 ml) was added, and
the flask then was immersed in a warm water bath to evaporate
the liquid ammonia. The solid remaining was collected, and
pumped on to remove adhering solvent. This procedure was per-
formed open to the atmosphere as quickly as possible to mini-
mize absorption of water. The final product was 122 g (91.3%
yield) of a fine, dry, almost white solid, which was stored
in a tightly sealed jar in a dessicator.
4. 1-Ethylpyrrole
The potassium derivative of pyrrole anion (30 g: 0.28
mole) and tetrahydrofuran (300 ml) were combined in a two
liter round bottom flask equipped with a reflux condenser,
addition funnel, drying tube and magnetic stirrer. To this
was added freshly distilled ethyl iodide (50 g: 0.32 mole)
dropwise over a period of 20 minutes. The reaction mixture
was set under reflux for 50 hours, and then allowed to cool
slowly to room temperature.
The resulting yellow liquid was filtered away from the
tan solid, and placed on the rotary evaporator where the vol-
ume was reduced to approximately 20 ml. Distillation at
65-68°C/98 mm (lit. 129-130/762 mm [30]) gave 13.5 g (51% yield)
of a crude product. This clear liquid was found to contain
considerable (15-20%) pyrrole, probably formed as a result of
the base catalysed elimination of HI from ethyl iodide to
give ethylene. Purification was possible by repetitive
23

extraction with water to remove pyrrole, although this re-









3170 (m-s) 1500 (m-s) 1300 (w-s) 987 (m-s)
3140 (m-s) 1460 (m-s) 1279 (s-b) 937 (m-s)
3005 (s-s) 1440 (m-s) 1229 (w-b) 879 (w-b)
2970 (m-s) 1380 (m-s) 1118 (m-b) 721 (vs-b)
2905 (m-b) 1350 (m-s) 1089 (s-s) 649 (m-s)
1530 (s-s) 1059 (s-s) 614 (s-s)
5. 1-n-Pentylpyrrole [31]
In a two liter three-neck round bottom flask equipped
with a condenser, dropping funnel, drying tube, and magnetic
stirrer, 50 g (0.476 mole) of the potassium salt of pyrrole
was combined with 900 ml of tetrahydrofuran. n-Pentylbromide
(76.0 g: 0.503 mole) dissolved in 100 ml of tetrahydrofuran
was added dropwise to the reaction mixture over a period of
30 minutes. The reaction was set under reflux for 90 hours,
at the completion of which it had a white, milky appearance.
Following removal of the white solid by suction filtration,
the reaction volume was reduced to 100 ml on the rotary
evaporator. The remaining yellow liquid was distilled at
104-107°C/45 mm (lit. 95-96°C/28 mm [32]) yielding 52 g










3110 (m-s) 1395 (w-s) 1062 (s-s) 815 (m-s)
2960 (s-b) 1360 (m-b) 1030 (vw-b) 720 (vs-b)
2880 (s-b) 1280 (s-b) 990 (vw-b) 650 (m-s)
1530 (w-b) 1220 (w-b) 966 (s-s) 455 (m-b)
1455 (s-b) 1087 (s-s)
6. 1-Ethylpyrrolidine [33]
1-Ethylpyrrole (12 g: 0.126 mole) was placed in a 250
ml round bottom flask along with 30 ml of acetic acid. To
this was added 0.8 g of PtO^ as a slurry in 10 ml of acetic
acid. The mixture was stirred vigorously under a hydrogen
atmosphere until the rate of gas absorption became extremely
slow (25 hours). Ether (100 ml) was then added, and the re-
action mixture was filtered to remove remaining catalyst. The
filtrate was cooled in an ice bath, and made basic by the
addition (slow) of- 25% sodium hydroxide. Enough water was
added to dissolve the white salt which had formed. The or-
ganic phase was separated, and the remaining aqueous phase
was extracted with two 50 ml portions of ether. All organic
phases were combined and dried over sodium sulfate. The total
volume was reduced to 15 ml by distillation of ether through
an 18 inch vigreux column. Short path distillation gave 2.8 g
(22.4% yield) of a clear liquid at 90-101°C/760 mm (lit. 104°C/
760 mm [33]). Gas chromatography indicated the purity to be
greater than 90%. The most significant impurity was unreacted
25

1-ethylpyrrole. The following physical constants were
collected:






2970 (s-b) 1320 (m-s) 1100 (s-s) 905 (vw-s)
2880 (m-b) 1280 (m-b) 1086 (w-s) 865 (m-b)
2780 (s-b) 1235 (w-b) 1060 (m-s) 720 (s-b)
1505 (w-s) 1200 (m-b) 965 (w-b) 655 (vw-b)
1460 (m-b) 1170 (m-b) 950 (w-b) 615 (w-b)
1390 (m-s) 1155 (m-b) 935 (vw-s)
1350 (m-s)
7. 1-n-Pentylpyrrolidine
1-n-Pentylpyrrole (21 g: 0.153 mole) was placed in a
250 ml flask along with 40 ml of acetic acid. To this was
added 1.1 g of platinum oxide in a slurry of 20 ml of acetic
acid. The reaction mixture was stirred vigorously under a
hydrogen atmosphere until gas absorption had completely ceased
(24 hours) . Ether (100 ml) was added and the reaction mixture
was filtered to remove remaining catalyst. The resulting
solution was cooled in an ice bath and made basic by the addi-
tion (slow) of 25% sodium hydroxide solution. The organic
layer was separated and the aqueous phase extracted with two
75 ml portions of ether. All organic phases were combined,
dried over sodium sulfate, and placed on the rotary evaporator.
Distillation at 85-88°C/33 mm (lit. 81-82°C/28 mm [32]) gave
14.7 g (68.0% yield) of a clear liquid. Gas chromatography
indicated the product purity to be greater than 99%.
26






2950 (vs-b) 1290 (m-b) 1108 (m-s) 905 (m-s)
2890 (s-b) 1236 (m-b) 1091 (m-s) 873 (m-b)
2795 (s-b) 1218 (m-b) 1028 (w-vb) 773 (vw-b)
1470 (s-s) 1203 (w-b) 1003 (w-vb) 728 (m-b)
1380 (m-s) 1192 (w-b) .953 (w-vb) 623 (w-vb)
1350 (s-s) 1153 (s-b) 928 (w-vb) 583 (w-vb)
8. 1-Ethylpyrrolidine-l-Oxide [34]
1-Ethylpyrrolidine (3.6 g: 0.0364 mole) was placed in
a 50 ml round bottom flask. To this was added 7.8 g (0.073
mole) of 30% hydrogen peroxide with constant stirring. Two
phases were initially present, which mixed slowly with slight
evolution of heat. A condenser was attached to the reaction
vessel and the mixture stirred in a water bath at 60°C for 11
hours. The flask was then cooled in an ice bath, and platinum
black added to remove excess hydrogen peroxide. After the
reaction had been allowed to stand at room temperature for an
additional hour, the yellow aqueous solution was filtered away
from the platinum black. Removal of water on the rotary evap-
orator under 20 mm pressure using a 60°C water bath left be-
hind a viscous yellow oil.
9. 1-n-Pentylpyrrolidine-l-Oxide
Into a 100 ml round bottom flask was placed 10.5 g
(0.0745 mole) of 1-n-pentylpyrrolidine . To this was added
slowly, with stirring, 20 g (0.18 mole) of hydrogen peroxide
(30%) . The reaction mixture was then stirred at 55°C for
27

20 hours. The two phases initially present mixed slowly over
a period of several hours, giving a light yellow solution.
After three hours had elapsed, a spot test with phenolphthalein
[35, 36] generated a pink color, due to the presence of the
original amine. However, at the completion of the 20 hour
period, no pink color was observed, indicating that the re-
action had gone to completion.
Excess hydrogen peroxide was decomposed by the addi-
tion of platinum black (0.2 g) . The reaction mixture was
then allowed to stir for an additional hour at 60°C. A spot
test with aqueous potassium iodide did not give a dark brown
color, thus indicating the absence of remaining hydrogen
peroxide.
Filtration gave a light yellow solution. As much
water as possible was removed on the rotary evaporator, under
a pressure of 10 mm using a water bath at 55 °C, yielding
12.3 g (11.7 theoretical) of a viscous yellow oil.
Picrate mp. 85-87°C
10. 1-Hydroxypyrrolidine
A 100 ml side arm flask was equipped with a dropping
funnel. To this was attached a condenser, cooled with ice
water, a 100 ml collection vessel cooled in a salted ice bath,
and a trap at liquid nitrogen temperature. The side arm flask
was immersed in an oil bath at 185°C, and the system was
evacuated to 30 mm.
l-n-Pentylpyrrolidine~l-oxide (11.7 g, p. 27) was
added dropwise into the pyrolysis flask over a period of 1
28

hour. Pyrolysis occurred immediately, and little or no reflux
of products back into the heated flask occurred. At the com-
pletion of the pyrolysis 8.2 g of a brown solution was in the
collection vessel, 2.0 g of a clear liquid was in the liquid
nitrogen trap, and 0.5 g of a black tar remained in the pyro-
lysis flask.
Gas chromatographic analysis indicated that the mate-
rial in the collection flask was a mixture of two components
having the retention times of 1-hydroxypyrrolidine (30%) and
1-n-pentylpyrrolidine (70%) . Distillation yielded a clear
liquid with an IR very similar to that of 1-n-pentylpyrro-
lidine and a picrate which melted at 115-117°C. The clear
liquid (believed to be 1-pentene) collected in the liquid
nitrogen trap was extremely volatile, and contained no higher
boiling components as indicated by gas chromatography. This
indicates that the product in the collection flask contained
30.5% of the desired product, corresponding to a yield of
40.5%.




3320 (vs-vb) 1290 (m-b) 1030 (s-s) 874 (m-s)
2990 (s-b) 1220 (m-b) 1010 (m-b) 808 (s-b)
2870 (s-b) 1196 (m-s) 950 (w-b) 555 (m-s)
1460 (s-b) 1125 (m-s) 930 (s-s) 465 (m-b)
1340 (m-s) 895 (m-s) 420 (m-b)
11. Pyrolysis of 1-Ethylpyrrolidine~l-Oxide [34]
1-Ethylpyrrolidine 1-oxide (from p. 27) was placed
in a 50 ml flask equipped with a distillation unit, a
29

collection flask, and an oil bath. The temperature of the bath
bath was raised slowly to 14 0°C. Soon after the pyrolysis
began, a vigorous bump occurred, leaving behind only a dark
viscous residue and black solid deposit.
12. 1-Hydroxypyrrolidine [37]
A two liter flask containing 500 ml of tetrahydrofuran
was equipped with a condenser, dropping funnel, and drying
tube. Lithium aluminum hydride (6.5 g: 0.1714 mole) was added
very slowly. A solution of N-hydroxysuccinimide (10 g: 0.087
mole) in 400 ml of tetrahydrofuran was added dropwise over a
period of one hour, and the reaction left under reflux for an
additional 24 hours. The reaction was allowed to cool to room
temperature, and excess lithium aluminum hydride destroyed by
the addition - (slow) of wet tetrahydrofuran (100 ml/25% water)
.
The mixture was filtered and the resulting yellow solution
placed on the rotary evaporator to remove as much solvent as
possible. This was extracted with two 50 ml portions of
ether, which were in turn combined, and dried over sodium
sulfate. After removal of ether on the rotary evaporator,
1.2 g (15.8% yield) of product was distilled at 65°C/6 mm
(lit. 67-68°C/14 mm) . Gas chromatography indicated that the
product was 92% pure', and NMR indicated the presence of a
considerable amount of water. Final purification was obtained










(Identical to that documented on p. 29)
.
D. PHOTOLYSIS
1. Photolysis in Hexane
a. 1-Nitropyrrolidine (8.08 x 10~ M)
-4
The photolysis of an 8.08 x 10 M solution of
1-nitropyrrolidine in hexane (MCB-chroinatoquality) was exam-
ined using gas chromatography and ultraviolet absorption
spectroscopy. Samples were irradiated in 1 mm quartz cells
for given time periods. The cells were then transferred to
the ultraviolet spectrophotometer where the spectra were re-
corded. Following this, the liquid samples were injected into
the gas chromatography unit under the following conditions:
sample size 80 microliters
attenuation 10 x 20
column temperature program 1
During the first two minutes of irradiation a fine white
cloud appeared, and the solution yellowed slightly. Four new
peaks (B, C, D, E) became apparent in the gas chromatogram,
having retention times of 0.94, 0.80, 0.70, and 0.67 relative
to 1-nitropyrrolidine (A) . Due to the programming scheme,
the injection size, and the boiling point of the solvent,
peaks with relative retention times less than 0.27 were hid-
den in the solvent trail. Detection of small product peaks
with retention times less than 0.47 was difficult due to the
solvent impurities which were present. Photolysis of the
pure solvent gave no new peaks in the gas chromatogram, in-
dicating that the observed products (B, C, D, E) were not due
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to the solvent impurities. In addition, the results were re-
producible using a solution of the nitramine (at the same
concentration) in hexane as purified on p. 19. The results
are summarized in Figure 5, and in Table II below.
TABLE II
PHOTOLYSIS OF 1-NITR0PYRR0LIDINE
(8.08 x 10 x ~ 4 M) IN HEXANE:
G.C. ANALYSIS OF PRODUCT COMPOSITION
Time of
Irradiation
TV aArea Under Peaks
Ab (1.00c,d B (0.94) C (0.80) D (0.70) E (0.67)
minutes 33.50 0.00 0.00 0.00 0.00
2 minutes - 3.15 0.00 0.43 0.35
5 minutes 10.45 5.60 0.28 1.10 1.12
10 minutes 6.80 9.65 0.57 2.45 2.59
15 minutes 3.94 5.70 0.91 3.10 3.29
20 minutes 1.60 1.54 1.05 3.15 2.93
30 minutes 0.00 0.00 1.12 4.18 3.94
70 minutes 0.00 0.00 1.48 4.12 4.00
Areas are in square centimeters and were calculated as
the product of height and half-width.
Peak A corresponds to 1-nitropyrrolidine.
c •Numbers given xn parentheses are retention times and
are reported relative to 1-nitropyrrolidine, with
temperature program 1 used for analysis.
Peaks with retention times less than 0.27 were hidden
in the solvent trail. Detection of small peaks with
retention times less than 0.47 was difficult.
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Figure 5. Photolysis of 1-Nitropyrrolidine
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b. 1-Nitropyrrolidine (8.08 x 10~ 5 M)
The above solution (prepared with MCB-chromato-
quality hexane) was placed in a 1 cm quartz cuvette and ir-
radiated for a period of two hours. The sample was withdrawn
periodically during the irradiation, and the untraviolet
absorption spectrum recorded. The results are shown in Figure
6. Throughout the entire period, the solution remained clear
and colorless to the eye.
-2
c. 1-Nitropyrrolidine (1.0 x 10 M)
The above solution was prepared with hexane as
purified on p. 19. The photolysis was run in a quartz win-
dowed cell, having a capacity of 16 ml. The quartz windows
were circular, 10 cm in diameter, and the path length was
2 cm. The solution was photolysed for a period of 17 hours.
After 3 hours, the solution had become cloudy, and gas chrom-
atography indicated the presence of components very similar
to those observed above (C, D, E) . After 17 hours of irrad-
iation, a red oil had formed on the sides of the cell, and
products similar to B, C, D, and E observed previously were
present. The supernatant liquid was removed and analysed by
gas chromatography under the following conditions:
(
sample size 8- microliters
attenuation 10 x 10
column temperature program 2
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Figure 6. Photolysis of
1-Nitropyrrolidine




















(1 X 10-2) IN HEXANE (17 HOURS):
G.C. ANALYSIS OF PRODUCT COMPOSITION
Peak Aa B C D E
b cRetention Time ' 1.00 0.90 0.64 0.52 0.49
<3Area >23 e 9.50 1.53 2.76 3.12
Peak A corresponds to 1-nitropyrrolidine.
Retention times are reported relative to 1-nitropyrro-
lidine, with temperature program 2 used for analysis.
Peaks with retention times less than 0.27 were hidden
in the solvent trail.
Areas are in square centimeters and were calculated as
the product of height and half-width.
Exact determination unknown as peak was off scale.
The red oil remaining in the photolysis cell was dissolved in
absolute ethanol. Injection into the G.C. at column temper-
atures ranging between 80°C and 140°C gave no peaks. Injec-
tions at elevated column temperature (200 °C) gave a broad
peak which appeared between 4 and 20 minutes, quite possibly
due to product decomposition.
-3
d. 1-Hydroxypyrrolidine (1.0 x 10 M)
The photolysis was examined in hexane (chromato-
quality) using gas, chromatography. Samples were irradiated
in 1 mm quartz cells for varying time periods, and analyzed




























(1.0 x 10~ 3 M) IN HEXANE:
G.C. ANALYSIS OF HYDROXYLAMINE DECOMPOSITION
Time of tv a,b r.Area ' of









Areas are in square centimeters, and were calculated
as the product of height and half-width.
Areas are corrected to uniform sample size at atten-
uation 10 x 20 using a solvent impurity as an internal
standard.
Retention time is reported relative to 1-nitropyrro-
lidine when analyzed by temperature program 1.
Average of two separate measurements.
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2. Photolysis in Isopentane
a. 1-Nitropyrrolidine (2.91 x 10~ M)
The above solution was photolysed in a 1 nun quartz
ultraviolet cell for periods up to 60 minutes. Six new peaks
became apparent in the gas chromatogram (G, H, I, J, K, L) with
retention times of 0.93, 0.78, 0.47, 0.39, 0.29, and 0.19 re-
lative to 1-nitropyrrolidine. The peak at K(0.29) was a com-
posite of several unresolvable peaks. After 60 minutes of
irradiation, the starting material and peak G had disappeared,
leaving peaks H, I, J, K, and L. In addition, many other
small new peaks appeared as background in the gas chromato-
i
gram. The conditions for G.C. analyses were as follows:
sample size 100 microliters
attenuation 10 x 50
column temperature program 1
The photolysis of pure' solvent gave no new peaks in the gas
chrom a togram. The results are summarized in Table V below.
b. 1-Nitropyrrolidine (1.164 x 10~ 3 M)
The solution was photolysed as described for the
above solution for periods of 10 minutes and 40 minutes.
After 10 minutes the usual peaks had appeared. After 40 min-
utes, the starting material and peak G had disappeared,
leaving behind the same products as described previously.
-4
c. 1-Nitropyrrolxdme (5.82 x 10 M)
This solution was photolysed for periods of 10
minutes and 40 minutes in the same manner as described above.





(2.91 X 10-3 m) IN ISOPETANE:
G.C. ANALYSIS OF PRODUCT COMPOSITION
Area Under Peaks
minutes 15 minutes 60 minutes
Ad (1.00) >23 3.96 0.00
G (0.93) 0.00 8.10 0.00
H (0.78) 0.00 0.25 0.72
I (0.47) 0.00 0.72 0.66
J (0.39) 0.00 1.68 1.61
Ke (0.29) 0.00 <1.00 <1.00
L (0.19) 0.00 <0.10 <0.10
Areas are in square centimeters and were calculated
as the product of height and half-width.
Retention times are reported relative to 1-nitro-
pyrrolidine with temperature program 1 used for
analysis.
Peaks with retention times less than 0.14 were
hidden in the solvent trail.
Peak A corresponds to 1-nitropyrrolidine.
Peak K was a composite of several unresolvable peaks,
-3
d. 1-Hydroxypyrrolidine (1.66 x 10 M)
The above solution was photolysed in a 1 cm
quartz cell for a period of 95 minutes. Analysis before and
after irradiation indicated that the hydroxylamine peak had
decreased in size by approximately 20%. No new products were
visible. The retention time of the hydroxylamine was 0.37
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relative to 1-nitropyrrolidine when analyzed using temperature
program 1.
3. Photolysis in Cyclohexane Solution
_2
a. 1-Nitropyrrolidine (1 x 10 M)
One liter of the above solution was prepared in
spectroguality cyclohexane obtained from MCB. A flow system
was designed consisting of a photolysis cell, 900 ml glass
coil for solution storage, and a metering pump. All connec-
tions were made with teflon tubing. The photolysis cell had
a path length of 10 cm, with quartz windows at each end, which
were circular and 4 cm in diameter. Solution inlet and out-
let connections were located at opposite ends of the cell.
The cyclohexane solution was pumped from the coil, into the
photolysis cell, through the pump, and back into the coil at
3
a rate of 10 cm /sec for a 20 hour period. The resulting
solution was analyzed by gas chromatography, which indicated
that only one new major peak (Z) had appeared. Its retention
time was 0.76 relative to the starting nitramine when analyzed
by temperature program 2, and 0.87 when analyzed by temper-
ature program 1. This large peak was followed by a much
smaller peak whose area was only 2.4% of the larger. Photo-
lysis of pure solvent gave no new peaks in the gas chromato-
gram. Peaks with retention times less than 0.5 were hidden
in the solvent peak when analyzed by temperature program 1.
The solution was reduced in volume on the rotary
evaporator. Peak Z and the smaller adjacent peak were col-








Temp 1 85 °C
Time 1 5 min
Rate 1 5 deg/min
Temp 2 100°C
Time 2 min
Rate 2 30 deg/min
Temp 3 200°C
Time 3 1 min
Cool 9 min
The clear liquid was collected in a 3 mm glass U-tube
immersed in a dry ice-acetone solution. Reinjection of the
collected product indicated that only the two original peaks
were present, in their original proportions. The IR of this
compound determined on a Perkin-Elmer 621 Grating Infrared
Spectrophotometer is as follows:


























Approximately 0.05 g of the clear liquid was dissolved
in 10 ml of hexane. The ultraviolet absorption spectrum of
this solution had a cutoff at 253 rim with a broad absorption
trailing out to 330 nm. Successive dilution of this solution
indicated there was no ultraviolet absorption maxima at any





1-Hydroxypyrrolidine, a suspected intermediate in the
photochemical decomposition of 1-nitropyrrolidine, was synthe-
sized via two independent routes.
1. Method 1; Pyrolysis of Amine Oxides
The pyrolysis of tertiary amine oxides to give dialkyl
hydroxylamines and the corresponding olefins is a well known
reaction of general synthetic utility [36, 38] usually re-
ported in moderate to high yields. The overall reaction
scheme is illustrated in Figure 7. There is substantial
evidence that the reaction proceeds by a mechanism involving
a planar, five membered cyclic transition state, as shown.
Thus a major requirement for the reaction to occur is that
the 3-alkyl hydrogen atoms be sterically accessible. It
accordingly has been shown that heterocyclic amines whose
hydrogens are sterically inaccessible do not undergo ring
opening [39] . This should, therefore, be an excellent syn-
thetic route to heterocyclic hydroxylamines from the corres-
ponding tertiary amines. With N-ethylpiperdine, a 42% of
yield of N-hydroxpiperidine was recovered [40, 41] . Thesing






























































































It was decided to attempt this route using N-alkyl-
pyrrolidines. The general synthetic route is shown in
Figure 8.
First attempts were from N-ethylpyrrolidine. N-ethyl-
pyrrole was synthesized using ethyl iodide and potassium salt
of pyrrole. Only 51% of a crude product found to contain
15-20% pyrrole was recovered. The pyrrole was presumably
formed as a result of the base catalysed elimination of HI
from ethyl iodide. The hydrogenation reaction went in 22%
yield, with no other products isolated. While this reaction
was documented in the literature [33] , no yield was reported.
The pyrolysis was attempted twice, each time resulting in a
vigorous bump leaving only tar and a black solid deposit.
More success was found, however, using 1-N-pentyl-
pyrrolidine. The N-alkylation of pyrrole was accomplished
using N-pentylbromide, which gave 79.8% yield of a pure
product. The hydrogenation also proceeded well, giving a
68% yield of 1-N-pentylpyrrolidine. Pyrolysis gave a crude
product containing the hydroxylamine (30%) and a large amount
of the starting amine (70%) . This result was unexpected and
was apparently previously unreported in the literature. As
yet no clear explanation has been found.
2. Method 2: .Reduction of N-hydroxysuccinimide with
lithium aluminium hydride in ether was previously reported to
give the corresponding hydroxylamine in 25% yield [37] . Due
to difficulties encountered by previous workers [12] , it was
decided to attempt the reaction in tetrahydrofuran. The
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method was moderately successful, giving N-hydroxypyrro-
lidine in 15% yield.
B. PHOTOLYSIS
1. Photolysis in Hexane
The photolysis of 1-nitropyrrolidine was examined at
three differing concentrations. In the first solution
-4(8.08 x 10 M) the gas chromatograms and ultraviolet spectra
were recorded as a function of time. Inspection of Figure 6
shows the peak at 235 nm disappearing with no other sharp
maxima appearing.
The data in Table I is shown graphically in Figure 9.
Peak A is seen to decrease exponentially. A plot of the log-
arithm of the concentration of A as a function of time gives
the straight line shown in Figure 10, with k , = 0.0011 sec
Peak B is formed immediately upon irradiation, reaches a maxi-
mum at ten minutes, and then dies out. Peak B was found to
be thermally stable over a period of several days in the
dark. The above is consistent with the following scheme:
hv vr, dA . ,A *B = -k$A
dt
dB
_, hv , = k$A-k$BB > unknown ,.
The origin of peaks C, D, and E seems rather uncertain.
Examination of Figure 9 might suggest the following:
B > C, D, E
However, the other possibility, that C,.D, and E are formed


















































Figure 10. Graph of Logarithm of
Nitramine Decay as a
Function of Time
kobs = UI*I0"3






->B, C, D, E
-2
The more concentrated solution (10 M) of the nit-
ramine was photolysed in an attempt to isolate some of the
observed products. After three hours of irradiation peaks
C, D, and E were present. After 17 hours of irradiation, all
products (peaks B, C, D, and E) were observed. The presence
of C, D, and E without B seems to indicate their formation
directly from A.
A red oil formed after 17 hours of irradiation and
did not correspond to any of the previously observed products.
The fact that it registered no peaks in the gas chromatogram
suggests that it may be some sort of polymer. Since products
C, D, and E are stable in solution under irradiation, it
appears that the red oil is formed from either peak B or the
parent nitramine directly.
Photolysis of a more dilute solution was examined by
ultraviolet spectroscopy and the results are shown in Figure 7.
The nitramine absorption at 235 nm again dies out, but upon
prolonged irradiation (2 hours) an absorption at 220 nm became
apparent. This is most probably a result of the photolysis
of one or more of the products formed in the early stages of
this irradiation.
The photolysis of 1-hydroxypyrrolidine in chromato-
quality hexane was examined to determine its photochemical
stability under the conditions of the photolysis. Samples
were photolysed under conditions which were identical to those
used previously for the nitramine irradiation. A plot of the
log of the peak area of the hydroxylamine as a function of
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time is shown in Figure 11. The value of k , was 5.33 x
-4 -1
10 " sec . The data is not intended to show a rate law for
the decomposition of hydroxylamine. The point of interest
is that the rate constant for hydroxylamine disappearance is
only one-half the rate constant for nitramine decomposition.
2. Photolysis in Isopentane
The behavior of three solutions of the nitramine at
three differing concentrations was examined using gas chroma-
tography. The behavior was identical for all three. Six new
peaks were formed. Peak G was very similar to peak B observed
in the hexane solutions, both having the same retention time.
In addition, they both had the same behavior, disappearing
upon prolonged irradiation. We tentatively conclude that
they are identical. Although peak H had a retention time
similar to peak C, a definite association was difficult.
Peaks I and J were not visible previously in hexane, although
they would have been so, if present. Little can be said
about peaks K and L as they would have been hidden in the
hexane solvent peak. Two of the peaks present in the hexane
photolysis, D and E, were definitely not present in the iso-
pentane solutions. Furthermore, H, I, J, K, and L, once
formed, did not increase in concentrations appreciably as A
and G continued to disappear. By analogy to the photolyses
in hexane solutions, we postulate a mechanism as follows:
_ hv _ hv ,A > G > products
Since alkane solvents are generally quite inert, we would









Figure 11. Graph of Logarithm of
Hydroxylamine Decay as a
Function of Time
k=5.33 x l<54 sec" 1




The appearance of differing products (C, D, E and H, I, J, K,
and L) is difficult to understand. There are several possible
explanations
:
a. We are observing the reaction of solvent impuri-
ties with either oxides of nitrogen or photochemical inter-
mediates formed. Table III, however, indicates concentrations
of C, D, and E which are well above concentrations of solvent
impurities expected to be present.
b. We are observing reaction of the solvent with
oxides of nitrogen or photochemical intermediates.
c. There is a genuine solvent effect.
The photolysis of 1-hydroxypyrrolidine proceeded very
slowly in isopentane solution. Thus if it were present, it
should have been detected. Although peak J appeared very
close to the hydroxylamine in the gas chromatogram, further
examination revealed their retention times were not identical.
3 . Photolysis in Cyclohexane
-2
A solution of the nitramine (10 ) was photolysed as
described previously. Only one product was found to be pre-
sent. The retention time did not correspond to any observed
previously. Although there was no strong ultraviolet absorp-
tion maxima greater than 200 nm there did seem to be weaker
n >tt* absorptions present at longer wavelengths. This
suggests the presence of an atom with an unshared electron
pair. The IR indicated that no alcoholic, olefinic, or aro-
matic protons were present. There was, however, an intense
absorption at 1622 cm . The only class of compounds appar-
ently consistent with this data were alkyl nitrates. The IR
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of peak Z agreed well with a previously published spectra of
cyclohexylnitrate, which is given below [42]
:
1626 (vs) 1280 (vs) 1093 (vw 902 (m)




















The bands observed in the IR of the collected product at
1547 and 1360 cm are believed to belong to a nitro compound
present as an impurity. The reaction of various nitrogen
oxides with cyclohexane to give cyclohexyl nitrates has been
observed previously [43-45] . Although the mechanism of this





















C. MOLECULAR ORBITAL CONSIDERATIONS
Much information about the photophysical processes occur-
ring in nitramines may be obtained from examination of the
simpler nitro chromophore, which has been well documented [46]
The nitro group may be represented by the equivalent
resonance structures shown in Figure 12. The nitrogen atom
2has an sp configuration, two of the three sigma bonds being
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attached to equivalent oxygen atoms (Figure 13). Of the five
nitrogen electrons, two are assigned to a P orbital and
three are assigned to a orbitals. Each oxygen atom has six
valence electrons , two being assigned to a low energy s orbi-
tal , two to a non-bonding p orbital , one to a a bond , and
one to a P orbital. Thus, there are four electrons delocal-
ized over a three atom pi system. These three atomic orbitals
combine to form three molecular orbitals, bonding, non-bonding,
and anti-bonding, as shown on the energy level diagram in
Figure 14. Appearing at the bottom of the diagram are the
two lone pair s orbitals of the oxygens, split due to the
proximity to the two oxygen atoms . Appearing at a higher
energy are the corresponding two p orbitals. Although init-
ially degenerate with the non-bonding pi orbital, these also
are split due to non-bonded interactions. The ultraviolet
spectrum of nitromethane consists of two bands; a band at 210
nm (log e = 4.2) which is assigned as a -n~ »ir_ transition,
and a weaker band at 270 nm (log e = 1.3) , which is assigned
as n *-n"_. One would expect to find the remaining transi-
tions in the far ultraviolet.
The N-nitrochromophore is completely analogous except
that there are now six electrons delocalized over a four atom
pi system (see Figure 15) . These four atomic orbitals com-
bine to form four molecular orbitals, two bonding, one non-
bonding, and one anti-bonding. The energy level diagram is







Figure 12. Resonance Structures for Nitro Group





























Figure 16. Energy Level Diagram for Nitrarnines
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at 240 run for 1-nitropyrrolidine. By analogy with nitrome-
thane, we would expect to find the n >tt. transition some-
where near 300 nm.
The discussion thus far has not considered the effect of
electron spin. When electron-electron interactions are con-
sidered, singlet and triplet states are split, the triplet
becoming the lower in energy. Due to a larger amount of
spatial overlap, the singlet-triplet energy splitting is
greater for tt,tt* states than for n,ir* states [47], Thus, in
our case we cannot be sure about the identity of the lowest
triplet state. The energy level diagram along with the photo-
physical processes most probably occurring is illustrated in
Figure 17. Since we have no knowledge about the nature of
the excited state from which the reaction is occurring, we
must accept the fact that it may be either a Tr,Tr* or n,u*
state.
Simple molecular orbital calculations may give useful
information about the nature of excited states. Various
authors [43, 49] have described in detail the Huckel Mole-
cular Orbital Method, which uses the "ir-electron approxi-
mation" in which the it electron system is assumed to act in-
dependently of a bonding framework. The approximation is
valid generally only for planar v systems.
One must make additional corrections for the effect of
hetero atoms. Streitwieser [49] has suggested making approp-
riate changes in the empirical coulomb integrals and reso-
nance integrals associated with each atom and bond. His












Figure 18. Molecular Orbital Energies for
Nitramine Chromophore






Nodal Diagram for Molecular Orbitals
of the Nitramine Chromophore
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a = a +h gX O X o
6 = k 3ex ex o
where h and k are empirical parameters which depend uponX Ca
the identity of the hetero atom X, and the nature of the




^1 = 1 ' 5





kN=N = °' 7
the system eigenvalues are obtained by diagonalization of the
Hamiltonian matrix. The energy levels so obtained are given
in Figure 18. The bond orders were calculated from the system
eigenvectors, [49] and are shown below for the ground state
and the first excited state.







1st Excited state Total Resonance Energy = 9.730
P.. „ = 0.181 P.. .. = 0.302N-N N-N
The above refer to t; >tt* transitions. For the n >ir*
transition, one might calculate bond orders in a similar
fashion assuming seven electrons in the tt system. The results
are identical with the results of the first excited state
given above. Thus, regardless of the identity of the lowest
excited state, simple molecular orbital theory clearly pre-
dicts photochemical cleavage of the N-N bond.
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The above treatment assumes the geometry of the excited
state to be planar, and identical to that of the ground state.
This assumption is frequently incorrect [46] . It is often
found that the molecule in the excited state becomes non-
planar to avoid unfavorable interaction between p orbitals.
The nodal structures of the four it orbitals are given in
Figure 19. As can be seen, rotation about the N-N bond would
result in a large destabilization of the i\ orbital, and mod-
erate stabilization of the it and tt^ orbitals. The extent of
rotation about the N-N bond in the excited state will depend
upon whether the energy lowering obtained from non-interaction
of p orbitals compensates for the resonance energy which is
lost. To answer the question, one must resort to more soph-




Photolysis of the nitramine never gave any of the products
expected from the proposed mechanism. The hydroxylamine was
never observed even though it was shown to be reasonably
stable under the conditions of the photolysis but in the ab-
sence of NO . Furthermore, 1-pyrrolidone, expected to be the
major photochemical endproduct, was never isolated or detected,
It therefore appears that the mechanism, as proposed, is not
likely.
The simple molecular orbital calculations indicate that
photochemical cleavage of the N-N bond is expected rather
than photochemical cleavage of the N-0 bond. We do not ex-
pect the photoexcitation to have a significant effect on the
C-N a bond as the excitation is isolated on the nitramine
chromophore and involves primarily the i\ electron system. In
addition, the N-N single bond is roughly on the order of
30 Kcal/mole weaker than the C-N single bond [50] . Cleavage
of the N-N bond is therefore expected to be the primary
photophysical process occurring.
This is supported by the reaction of the nitrogen oxides
formed with cyclohexane. Furthermore, Bodnar [10] observed
the nitroxide radical in solution, giving evidence that the
five membered ring remains intact; although the possibility
of that being a side reaction is not resolved.
It was shown that the nitrogen oxides formed from the
photolysis in cyclohexane react with solvent to give cyclo-
hexyl nitrate as the only observed product. With hexane and
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isopentane, more than one product would be expected due to
differing positions of attack on the solvent molecule. This
is in keeping with the differing products (C, D, E, and H, I,
J, K, L) which were seen in each solvent.
It is difficult, however, to explain the transient peaks
B and G on the basis of solvent reaction with nitrogen oxides.
It seems unlikely that both solvents would react with the
nitrogen oxides present to give products having identical re-
tention times. Lower molecular weight alkyl nitrates have
boiling points considerably lower than those of higher mole-
cular weight. For example, cyclohexyl nitrate distills at
70°C/4 mm while neopentyl nitrate distills at 28°C/7 mm.
Furthermore, the cyclohexyl nitrate was formed in "large"
quantities in solution, and seemed fairly stable under the
photochemical conditions. This is in direct contrast to
the photochemical behavior B and G.
The identity of product B remains unknown. From its re-
tention time on the gas chromatogram, it is apparent that it
is of high molecular weight and relatively nonvolatile. That
it was seen in two different solvents seems to indicate that
it is not due to reaction with solvent. Two possibilities
which remain are the reaction of pyrrolidine radicals (X)
with oxides of nitrogen, and the coupling of pyrrolidine
radicals to give XI.
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From the studies in isopentane and hexane, it is apparent
that molecule B decomposes photochemically to give products
which are not seen, as the quantity of products (C, D, E and
H, I, J, K, L) observed was much smaller than the quantity
of starting material. The nitroxide radical observed by
Bodnar [10] seems to indicate some reaction of the pyrroli-
dine radical with nitrogen oxides. Whether or not the
nitroxide radical is involved as a major photochemical inter-
mediate remains in question.
As for the decomposition of HMX, we expect the primary
photochemical process to be cleavage of an N-N bond to give
the corresponding N radical. Thus the mechanisms proposed
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